Although most studies focus on the role of proinflammatory cytokines, such as IL-6 or IL-21, signaling pathways in the induction of Th17 cells, few studies have investigated the role of TGF-b signaling pathways in Th17 cell generation. Similarly, the critical role of TGF-b in inducing Foxp3 + Treg cells (iTreg cells) is well established (7) (8) (9) (10) , it is less clear, however, which downstream pathways of TGF-b signaling are involved in the development of Foxp3 + iTreg cells.
The cellular response to TGF-b varies by cell type and the context of the stimulus. In lymphocytes, TGF-b binds to its cognate receptor complex composed of type I (ALK5) and type II receptors. TGF-b type I receptor (TbRI) and type II receptor (TbRII) associate as interdependent components of a heteromeric complex. TbRII is required to activate TbRI in the ligand-receptor complex, and activated TbRI Ser/Thu kinases phosphorylate downstream specific SMAD2 and SMAD3. Lack of either TbRI or TbRII will terminate the cellular response to TGF-b (11) . Upon phosphorylation, these two SMADS bind to their common partner, SMAD4, to form SMAD2-SMAD4 and SMAD3-SMAD4 complexes. These complexes then translocate to the nucleus and modulate target gene expression (12, 13) . Mice with homozygous targeted disruption of the Smad2 or Smad4 gene are early embryonic lethal at day 9.5 and days 6.5-8.5, respectively (14, 15) . Thus, these Smads play critical, nonredundant roles in early embryonic development. In addition, the role of Smad2 and Smad4 as tumor suppressor genes is now well established in humans, suggesting that either Smad2 or Smad4 plays an important function in cell growth regulation (16) . Unlike Smad2 and Smad4 null mice, Smad3 null mice are viable and survive to adulthood (17) . Accumulating evidence has revealed that Smad3 is essential for the suppressive effect of TGF-b on IL-2 production and T cell proliferation (18) . Smad3 is also required for the suppressive effects of TGF-b on Th2 type cytokine productions and Th2 type disease in the skin (19) .
In addition to classic SMAD signaling pathways, TGF-b can activate SMAD-independent pathways, such as MAPKs, in T cells (20) . For example, TGF-b inhibition of IFN-g2induced signaling and Th1 gene expression in CD4 + T cells is Smad3 independent but MAPKs dependent (21) . These studies further revealed that the inhibition of the MEK/ERK pathway completely eliminates the inhibitory effects of TGF-b on IFN-g responses in T cells.
Several studies have recently begun to explore the role of SMAD molecules of TGF-b downstream in the development of Foxp3 + cells induced by TGF-b. Tone et al. (22) observed that SMAD3 is essential for the induction of Foxp3 by TGF-b-primed CD4+ cells using an antagonist of SMAD3. Xiao et al. (23) also observed that all-trans retinoic acid (atRA) promotes iTreg cell differentiation via enhancing SMAD3 expression and phosphorylation. Using Smad3 knockout (KO) mice, Jana et al. (24) reported that the ability of TGF-b to induce Foxp3 in TCR-stimulated CD4+ cells was significantly diminished in Smad3 KO mice compared with wild type (WT) mice, although they believed that TGF-b SMAD-independent pathways also play an important role. Deficiency of Smad4 resulted in a 50% reduction of Foxp3 expression by TGF-b and did not affect Th17 cell development by IL-6 and TGF-b (25) . It has been known that the proinflammatory cytokine IL-6 promotes Th17 cells and inhibits Foxp3 induction by TGF-b. In addition, IL-6 transsignaling augmented the expression of the TGF-b signaling inhibitor SMAD7. Consequently, SMAD7 overexpression in T cells rendered CD4 + CD25 2 T cells resistant to the induction of Foxp3 (26) . Nonetheless, how TGF-b SMAD-dependent or -independent pathways affect the iTregs and Th17 cell development, especially in vivo, remains largely unknown. Because the balance between Treg and Th17 cells affects the pathogenesis and development of many autoimmune diseases, it is clear that understanding the molecular basis of TGF-b signaling pathways in the development of iTreg and Th17 cells may therefore provide insight into clinical immune pathologies and lead to strategies for intervention.
In this study, we examine the role of SMAD and non-SMAD pathways in the development of iTreg cells and Th17 cells by in vitro and in vivo experimental models using Smad2, Smad3, JNK2, and ERK1 KO mice. We crossed Smad2 fx/fx and hCD2-Cre mice to generate lymphocyte-specific Smad2 conditional knock out (CKO) mice since conventional Smad2 KO mice are embryonic lethal (12) . We found that neither Smad2 nor Smad3 alone is sufficient for the differentiation of Th17 cells and Th17 cellmediated experimental autoimmune encephalomyelitis (EAE 
Materials and Methods
Mice C57BL/6 and JNK2 KO mice were purchased from The Jackson Laboratory (Bar Harbor, ME /hCD2-Cre mice. Inducible TbRII whole body KO adult mice were generated from the mice with genotypes of TbRII fx/-/Rosa26-rtTA/TetO-Cre by feeding them with doxycycline containing food (625 mg/kg; TestDiet, Richmond, IN) and drinking water (0.5 mg/ml; Sigma-Aldrich, St. Louis, MO) at the age of 1-mo-old to avoid embryonic lethality. After 1 mo doxycycline induction, TbRII KO was verified in a variety of tissues by RT-PCR and Western blot (data not included). These doxycycline-induced TbRII KO adult mice were then used for experiments at 3 mo old. All experiments using mice were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee of University of Southern California and Children's Hospital Los Angeles Research Institute.
Flow cytometry and Abs
Cell suspensions were stained for FACS analysis using the following: PE-, FITC-, or CyChrome-conjugated anti-CD4 (RM4-5), CD8 (53-6.7), CD11b (M1/70), B220 (RA36B2), CD62L (MEL-14), and respective matched control IgG Abs (BD Pharmingen, San Diego, CA). The PE-conjugated anti-mouse Foxp3 staining kit (FJK-16s), PE-anti-17A (17B7), and FITCanti-IFN-g (XMG1.2). PE-rat IgG2ak and FITC-rat IgG1k were purchased from eBioscience (San Diego, CA). Samples were analyzed on an LSRII or sorted using a FACSAria (BD Biosciences, San Diego, CA).
Cell differentiation and functional assay
T cells were prepared from spleen cells by collecting nylon wool column nonadherent cells as described previously (27) . CD4 + T cells were isolated by negative selection. T cells were labeled with PE-conjugated anti-CD8, antiCD11b, and anti-B220 mAbs, incubated with anti-PE magnetic beads, and loaded onto MACS separation columns (Miltenyi Biotec, Auburn, CA 2 cells were stimulated with anti-CD3/CD28 coated beads (Invitrogen, Carlsbad, CA) at a bead-to-T cell ratio of 1:5 in the presence of IL-2 (20 U/ml; R&D Systems, Minneapolis, MN) and TGF-b (2 ng/ml; R&D Systems) for 4 d for Foxp3
+ iTreg cells (CD4 TGF-b ) or without TGF-b for control cells (CD4 Med ). These cells were stimulated with soluble anti-CD3 (1 mg/ml) and anti-CD28 (10 mg/ml) in the presence of IL-6 (10 ng/ml) and TGF-b (2 ng/ml), anti-IL-4 (10 mg/ml), anti-IFN-g (10 mg/ml) for 3 d for Th17 cell differentiation; 10 mM of SB203580 (p38 inhibitor) or SP600125 (JNK inhibitor) or 50 mM of PD98059 (ERK inhibitor) (Calbiochem/Merck Biosciences) was added to the cultures every 24 h. Three to 10 mM SIS3 (SMAD3 inhibitor; Calbiochem) or 5 mM LY-364947 (ALK5 inhibitor; Sigma-Aldrich) was added to naive CD4 + cells 1 h before TCR stimulation. An equivalent volume of DMSO was added to cultures only as a vehicle control. To assess the suppressive activities, T cells labeled with CFSE (Invitrogen) were stimulated with soluble anti-CD3 (0.025 mg/ml) with irradiated non-T cells as APCs (1:1). CD4 + conditioned (CD4 Med and CD4 TGF-b ) cells generated from different mice were added at a ratio of conditioned cells to T responder cells (T con /T resp ) of 1:4, and suppression of cycling CFSE-labeled T cells was assessed on the CD4 + cell gate of T responder cells as described previously (1) . AIM-V serum-free medium (Invitrogen Life Technologies, Carlsbad, CA) supplemented with 100 U/ml penicillin, 100 mg/ml streptomycin, and 10 mM HEPES (Invitrogen Life Technologies) was used for the generation of CD4 + iTreg or control cells. RPMI 1640 medium supplemented as described with 10% heat-inactivated FCS (HyClone Laboratories, Logan, UT) was used for all other cultures.
Quantitative real-time PCR
Total RNA was extracted with the RNeasy Mini Kit (Qiagen, Valencia, CA). cDNA was generated using an Omniscript RT kit (Qiagen). Foxp3 mRNA expression was quantified with ABsolute SYBR Green ROX mix (Thermo, Waltham, MA). The samples were run in triplicate, and the relative expression of Foxp3 was determined by normalizing the expression of each target to hypoxanthine guanine phosphoribosyl transferase (HPRT). Primer sequences were as follows: HPRT 59-TGA AGA GCT ACT GTA ATG ATC AGT CAA C-39 and 59-AGC AAG CTT GCA ACC TTA ACC A-39; Foxp3 primers: 59-CCC AGG AAA GAC AGC AAC CTT-39 and 59-TTC TCA CAA CCA GGC CAC TTG-39.
ELISA
IL-17 levels in the supernatants were performed according to the manufacturer's instructions with Quantikine M kits from R&D Systems.
Cytokine analysis
T cells were isolated from spleens, lymph nodes, and blood in EAE mice at day 18 after immunization, then they were stimulated in vitro with PMA (50 ng/ml) and ionomycin (100 ng/ml) for 5 h, with brefeldin A (5 mg/ml) added after 1 h of incubation. In other experiments, T cells were stimulated in vitro with MOG peptide (50 mg/ml) for 3 d, and intracellular IL-17 and IFN-g expression was stained and analyzed by FACS.
Western blot analysis
A total of 5 3 10 6 CD4 + cells with various treatments were lysed in RIPA buffer. Specific proteins were detected by immunoblotting after the method published previously (28) . Equal amounts (10 mg) of total cell lysate proteins were separated in NuPAGE 4-12% gradient SDS-PAGE gels using a MOP buffering system (Invitrogen). After protein was transferred into polyvinylidene difluoride membrane, proteins of interest were detected by specific Abs. All chemicals were purchased from Sigma-Aldrich. All Abs were purchased from Cell Signaling (Danvers, MA).
TsA and p38 inhibitor administration
TsA was purchased from Sigma-Aldrich, dissolved in DMSO, and administered i.p. for 7 d at 1 mg/kg/d unless otherwise specified. The p38 inhibitor (SB203580) was obtained from Alexis Biochemicals (San Diego, CA) and dissolved in 2% DMSO. SB203580 (0.5 mg/kg) were injected i.p. into WT mice 2 d after immunization with MOG peptide and injection was repeated every other day for 7 d. Mice receiving 2% DMSO solution only were used as controls.
Induction of EAE
EAE was induced by s.c. immunization of mice into the flanks with 100 ml of an emulsion of 100 mg of MOG peptide and 250 mg of Mycobacterium tuberculosis H37RA (BD Diagnostic Systems, Sparks, MD) in complete Freund's adjuvant. In addition, the animals received pertussis toxin (150 ng/mouse; Sigma-Aldrich) i.p. on days 0 and 2 (29) . Clinical signs of EAE were assigned scores according to the following: 0, no symptoms; 1, loss of muscle tone in tail; 2, hindlimb weakness; 3, hindlimb paralysis of one (3.0) or both (3.5); 4, hindlimb and forelimb paralysis; 5, loss of temperature control or moribund. Scores are shown as mean daily clinical scores for all mice per group.
Statistical analysis
Results are presented as mean 6 SEM. Student t test was used to assess statistical significance between two groups, and one-way ANOVA was used to assess statistical significance between EAE scores.
Results

SMAD2 or SMAD3 plays partial roles in the induction of Foxp3 + iTreg cells in vitro
The role for TGF-b-SMAD or SMAD-independent MAPK pathways in Foxp3 + iTreg and Th17 cells has not yet been well defined, especially in vivo. In this study, we demonstrated that whereas TGF-b plays an important role in the induction of Foxp3 + iTreg cells as published (7) (8) (9) (10) , the TGF-b type I receptor (TbRI or ALK5) and/or TbRII-mediated TGF-b signaling in lymphocytes is essential for the induction of Foxp3 + iTreg cells, because either inhibition of ALK5 (TbRI) or genetic blockade of TbRII almost completely abrogates the induction of Foxp3 expression and the related suppressive activities in TGF-b-primed CD4 + cells (Fig. 1A, 1B ). ALK5 inhibitor (LY-364947) is a selective, ATP-competitive inhibitor of TbRI (ALK5) kinase. It is much less potent at related kinases for TbRII and for MLK-7, a kinase in the MAP kinase signal pathway that is closely related to TGF-b RII (30) . Others have reported that injection of a similar ALK5 inhibitor resulted in the specific blockade of TbRI kinase activation and subsequent repression of TGF-b-mediated growth inhibition in vivo (31) . Because ALK5 is not directly soluble in aqueous solutions, we used DMSO to make a stock solution prior to diluting in aqueous solutions. As a control, we used DMSO alone in the cultures to exclude the possibility that DMSO-dissolved ALK5 inhibitor abolished Foxp3 induction on CD4 + cells by TGF-b is due to its nonspecific toxicity (Fig. 1A, 1B) .
Given the crucial role of TGF-b signal pathways in the differentiation of Foxp3 + iTreg cells and critical role of SMAD2 or SMAD3 in mediating many effects of TGF-b signaling in T cells, we next dissected the downstream SMAD2-or SMAD3-mediated TGFb pathways in regulating the development of Foxp3 + iTreg cells in vitro using Smad3 KO mice and lymphocyte-specific Smad2 CKO mice. Because conventional Smad2 KO mice are early embryonic lethal, we generated lymphocyte-targeted Smad2 CKO mice by crossbreeding floxed Smad2 and hCD2-Cre mice (32) . We compared Foxp3 expression between the related KO mice and the controls at the protein level by Foxp3 immunostaining and FACS analysis ( + cells from Smad2 CKO or Smad3 KO mice was slightly (∼20-30%) and significantly lower than those from WT mice (Fig. 1C, left panel, 1D) . We also compared the suppressive activities of these cells. As shown in Fig. 1E , the suppressive activity of TGF-b-induced CD4 + cells from Smad2 CKO and Smad3 KO mice were significantly decreased compared with those from WT mice, suggesting that either SMAD2 or SMAD3 plays a partial (∼20-30%) role in the induction of Foxp3 + iTregs in vitro. In addition, these data also suggest that Foxp3 protein, but not its mRNA level in CD4 + CD25
+ cells, more accurately reflects the suppressive function that is consistent with previous reports (33) .
To determine whether SMAD2 and SMAD3 compensate each other in Foxp3 induction, because a lack of either Smad2 or Smad3 did not completely abrogate the Foxp3 induction on CD4 + cells by TGF-b, naive CD4 + cells isolated from Smad2 CKO mice were then treated with SIS3, an SMAD3 antagonist. After 1 h pretreatment, TGF-b-stimulated SMAD3 phosporylation in these cells was blocked (Fig. 1F) . Nonetheless, induced Foxp3 expression by simultaneous TCR stimulation and TGF-b activation was comparable to that in the cells from Smad2 CKO mice without SMAD3 inhibition (Fig. 1G) . The suppressive activities on T cell proliferation were not changed (data not shown). These results indicate that Foxp3 induction on TGF-b-primed CD4 + cells from Smad2 CKO is not due to the compensation of SMAD3, further demonstrating that SMAD2 and SMAD3 play a partial but incomplete role in the development of Foxp3 + iTreg cells in vitro.
SMAD2 or SMAD3 is redundant for TsA-induced increase of Foxp3 + Treg cells in vivo
We further examined the role of SMAD2 and SMAD3 in contributing to TGF-b-induced Foxp3 + regulatory T cell differentiation in vivo. Because TGF-b has a short t 1/2 , it is impractical to induce Foxp3 + iTreg cells in vivo using exogenous TGF-b. However, recent observations showed that administration of the deacetylase inhibitor TsA promoted Foxp3 + cell development and function, and mechanistic studies revealed that TsA converted and induced iTreg cells in the periphery and possibly increased thymic output of natural Treg cells (nTreg cells) in vivo (34) . It has to be noted that TsA is able to directly act on histone/protein deacetylases of the Foxp3 gene, which then regulates Foxp3 chromatin remodeling, gene expression, and function (34) . To exclude the possibility that TsA bypasses the TGF-b signaling pathway to upregulate Foxp3 frequency and function in vivo, we have generated mice with genotype of TbRII fx/2 /Rosa26-rtTA/TetO-Cre in which the floxedTbRII allele can be deleted with doxycycline-induced Cre expression in the whole body, including the immune system in adults, to avoid a developmental lethal phenotype of conventional TbRII knockout. As reported before (34), daily treatment with TsA for 7 d markedly increased the percentages ( Fig. 2A ) and total number (Fig. 2B) Fig. 2A ) and other organs (data not shown) in doxycycline-induced TbRII KO mice.
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We also confirmed that TsA promoted iTreg cells through the TGF-b signaling pathway using other approaches. We found that injection of an ALK5 inhibitor also significantly abolished the enhancement of CD4 + Foxp3 + cells in vivo by TsA administration (Fig. 2B) . Treatment with TsA induced the expression of CD103, a TGF-b-inducible surface integrin (35) , on Foxp3 (GFP)-positive cell populations (Fig. 2C) , further suggesting that TGF-b signaling pathway involves in the Foxp3 + cell conversion in vivo in this setting. These data demonstrate that the induction of Treg by TsA in vivo was dependent on the TGF-b signal.
We next determined the role of SMAD2 or SMAD3 in the induction of Foxp3 + cells in vivo after TsA treatment. As shown in Fig. 2D and 2E, TsA treatment significantly increased the frequency of cells expressing Foxp3 in WT, Smad2 CKO and Smad3 KO mice. Although the increase of Foxp3 + cell frequency was slightly lower in Smad2 CKO and Smad3 KO mice than in WT mice, these differences were not statistically different (p = 0.06). We also had evidence that the suppressive activities of splenic CD4 + CD25 + cells sorted from WT, Smad2 CKO, and Smad3 KO mice after treatment of TsA were comparable (data not shown). The
+ cells in Smad2 CKO or Smad3 KO mice, our current data suggest that TsA increases Foxp3 induction in vivo through a Smad2/3 independent TGF-b pathway.
TGF-b but not SMAD2 or SMAD3 is essential for the induction of Th17 cells
Recent studies in mice revealed that a combination of TGF-b and IL-6 or IL-21 initiated IL-17-producing T cell development (3-6). As in iTreg cell development, we now show that TGF-b/TbR signaling pathways are essential for Th17 cell differentiation. As in previous reports (3) (4) (5) (6) , when stimulated with anti-CD3 and anti-CD28 Abs in the presence of IL-6, TGF-b, anti-IFN-g, and anti-IL-4 for 3 d, .40% of naive CD4 + cells isolated from normal C57BL/6 mice can be differentiated into IL-17-producing cells. The combination of both IL-6 and TGF-b seems to be crucial, because either single cytokine cannot induce Th17 cell development (data not shown). We now demonstrate that the TGF-b signaling pathway is essential for the Th17 cell development induced by both IL-6 and TGF-b cytokines. As shown in Fig. 3A, addition of an ALK5 (TbRI) inhibitor completely prevented Th17 cell differentiation in CD4 + cells. The DMSO control did not interfere with IL-6/TGF-b-driven Th17 cell differentiation, excluding the possibility that the vehicle had cell toxicity that nonspecifically suppressed Th17 cell differentiation. In addition, TbRII deficiency also prohibited induction of Th17 development, but instead drove Th1 cell development when naive CD4 + cells were cultured with a combination of TGF-b and IL-6 (Fig. 3A) , suggesting that the TGF-b/TbR signaling pathway is essential for Th17 cell development and Th1 cell suppression. These results also emphasize the crucial importance of either TbRI or TbRII in TGF-b signaling events.
We also determined the role of SMAD2 or SMAD3 in Th17 cell differentiation. As shown in Fig. 3B-D , a deficiency of Smad2 or Smad3 gene in T cells did not significantly decrease intracellular IL-17 production (Fig. 3B, 3C ) or soluble IL-17 secretion by CD4 + cells that have been treated with TGF-b and IL-6 simultaneously in vitro (Fig. 3D) . TGF-b was also able to induce IL-17 in Smad2 CKO T cells treated with SMAD3 inhibitor in the presence of IL-6 (Fig. 3E) . These results suggest that the TGF-b/TbR signaling pathway is essential, but SMAD2 and SMAD3 are redundant for Th17 cell development in vitro. + T cells isolated from WT, TbRII CKO, Smad2 CKO, and Smad3 KO mice were stimulated with soluble anti-CD3 (1 mg/ml) and anti-CD28 (10 mg/ml) in the presence of TGF-b (2 ng/ml), IL-6 (10 ng/ml), anti-IL-4 (10 mg/ml), and anti-IFN-g (10 mg/ml) for 3 d. ALK5 inhibitor (5 mM) was added to some cultures. Supernatants were harvested for measuring soluble IL-17. A, Naive CD4 + cells isolated from WT and TbRII CKO mice were stimulated with anti-CD3 and anti-CD28 in the presence of TGF-b and IL-6 as above for 3 d. ALK5 inhibitor or DMSO vehicle control was added to CD4 + cells from WT mice. Intracellular IL-17 and IFN-g expression by CD4
+ cells was analyzed by FACS. Data are representative of three separate experiments. Th17 cell differentiation in WT, Smad2 CKO, or Smad3 KO mice values indicate mean 6 SEM of three separate experiments (B) and the representative of Th17 cell differentiation in WT and Smad3 KO mice from these experiments (C). D, IL-17 levels were assayed with an ELISA using supernatants from stimulated naive CD4 + cells from various mice as indicated in B. E, Naive CD4 + cells isolated from Smad2 CKO mice were pretreated with SIS3 (10 mM) for 1 h and then stimulated under Th17 conditions as described above. Intracellular IL-17 was analyzed by FACS. Values indicate mean 6 SEM of three separate experiments. The differences were analyzed by Student t test; p , 0.05 was considered significantly different.
To assess the role of SMAD3 in the regulation of Th17 cells in vivo, we used a Th17 cell-mediated inflammatory disease model, EAE in either WT or Smad3 KO mice. Chronic EAE was induced in mice with MOG /complete Freund's adjuvant and pertussis toxin as previously reported (29) . As shown in Fig. 4A , both WT and Smad3 KO mice developed similar diseases at day 7-24 after immunization. Immunization of both WT and Smad3 KO mice increased the frequency of CD4 + Th17 cells in the draining lymph nodes, spleens, and blood of both groups over nonimmunized mice, but there were no significant differences in the frequencies of Th17 cells between the two immunized groups, although Th17 cell development was slightly lower in Smad3 KO mice than in WT mice (Fig. 4B, 4C ). These results demonstrate that the SMAD3 pathway plays no essential role in Th17 cell differentiation in vivo or in Th17-mediated disease development.
atRA mediates iTreg and Th17 cells via a SMAD3 independent pathway
Recent studies have demonstrated that IL-6 is capable of enabling nTreg cells to convert to Th17 cells and that the TGF-b produced by nTreg cells is crucial for this conversion (36, 37 (36, 37) . To assess the role of SMAD3 in this Th17 conversion, we have isolated thymic nTreg cells from WT and Smad3 KO mice using FACS sorting on the CD4 and CD25 gates (these cells expressed .99% of CD25). Foxp3 expression by sorting CD4 + CD25 + cells in both WT and Smad3 KO mice was similarly high (.85%). nTreg subsets from different mice were stimulated with anti-CD3/CD28 Abs in the presence of IL-6 or IL-6 plus TGF-b with anti-IFN-g and anti-IL-4 for 3 d. As shown in Fig. 5A and 5B, the addition of IL-6 enabled .20% nTreg cells from both WT and Smad3 KO mice to convert to Th17 and Th1 cells, respectively. The addition of exogenous TGF-b to IL-6 further enhanced the efficiency of conversion from nTreg to Th-17 and also suppressed Th1 conversion (Fig. 5B) . These effects were all independent of SMAD3. The effect of TGF-b on suppressing the conversion of nTregs to Th1 cells via SMAD3 independent pathway is consistent with a previously reported study that TGF-b suppresses Th1 cell differentiation via an SMAD3-independent pathway (21) .
atRA, one of the vitamin A derivatives, has been highlighted for its role in immune regulation. This agent promotes Foxp3 + iTreg cell generation by TGF-b and restrains Th17 cell development by TGF-b and IL-6 (38) . We have evidence that atRA promotes Foxp3 + iTreg development and restrains Th17 development through TGF-b signaling, because atRA alone was unable to promote iTreg cells in the absence of exogenous TGF-b (data not shown). Xiao et al. (23) have made similar observations; they also found that atRA enhanced TGF-b signaling by increasing the expression and phosphorylation of SMAD3. However, we demonstrate that SMAD3 plays a partial role in promoting Foxp3 + iTreg cell development, the addition of atRA to TGF-b-primed CD4 + cells from Smad3 KO mice still significantly increased Foxp3 expression (Fig. 5C ) and promoted suppressive activities in vitro (data not shown), suggesting that other signaling pathways of TGF-b downstream play an important role in the promoting Foxp3 + cell differentiation in vitro. Similarly, the absence of Smad3 did not affect the suppressive effect of atRA on TGF-b and IL-6-induced Th17 cell differentiation in CD4 + cells (Fig. 5D ). These studies provide further evidence that, although SMAD2 or SMAD3 contribute only partially to Foxp3 + iTreg cell induction in vitro, neither of these SMADs are required for Th17 cell differentiation in vitro and that SMAD3 is redundant for Th17 cell development in vivo.
MAPK pathways play a dominant role in the differentiation of iTreg and Th17 cells
Given that SMAD signaling is not essential for iTreg or Th17 cell differentiation, we next investigated whether non-SMAD pathways of TGF-b signaling are needed for the development of these cells. As described previously, MAPKs including ERK, JNK, and p38 + cells in draining lymph nodes, spleens, and blood in WT and Smad3 KO mice at day 18 after immunization with MOG . Values indicate mean 6 SEM of four mice (B). The differences were analyzed by Student t test; p , 0.05 was considered significantly different. C, Representative cytokine expression data from B.
constitute major non-SMAD signaling pathways that play a supplemental role in mediating the intracellular responses to TGF-b (20) . We observed that CD4 + cells stimulated with TGF-b significantly increased activation of ERK and JNK (Fig. 6A) but not p38 (data not shown). The addition of either a JNK or ERK inhibitor, particularly an ERK inhibitor, markedly attenuated Foxp3 expression in TGF-b-primed CD4 + cells (Fig. 6B) . Conversely, the addition of a p38 inhibitor did not alter Foxp3 expression in TGF-b-primed CD4 + cells. Using CD4 + cells from ERK1 and JNK2 KO mice further strengthened this conclusion (Fig. 6C) . We recently reported that BMP-2 and BMP-4, members of the TGF-b superfamily, promoted the CD4 + Foxp3 + cell development induced by TGF-b through ERK and JNK pathways (39) . Moreover, the addition of JNK and ERK inhibitors further suppressed Foxp3 expression in TGF-b-primed CD4 + cells from Smad3 KO mice (Fig. 6B) , suggesting that the JNK and ERK MAPK pathways in iTreg cell differentiation are also independent of SMAD3. The important role of the ERK pathway in iTreg cell induction might help to explain why ERK1 KO mice exhibit increased susceptibility to experimental autoimmune encephalomyelitis (40) .
Unlike Foxp3 + iTreg cell differentiation, Th17 cell development induced by TGF-b and IL-6 requires the JNK and p38 MAPKs pathways. As shown in Fig. 6D and 6E , addition of the p38 inhibitor, especially the JNK inhibitor, markedly inhibited Th17 cell development. Conversely, the addition of an ERK inhibitor did not attenuate Th17 cell production in this setting (Fig. 6D, 6E ). In addition, IL-6 and TGF-b had a decreased ability to induce CD4 + cells from JNK2 KO mice to become Th17 cells, although Th17 cell differentiation by CD4 + cells from ERK1 KO mice was intact (Fig.  6F) . Similarly, the addition of JNK and p38 inhibitors equivalently suppressed Th17 cell production in vitro in CD4 + cells from both WT and Smad3 KO mice (Fig. 6E) , suggesting a SMAD3-independent role for the JNK and p38 MAPK pathways in Th17 cell induction. The addition of JNK, ERK, and p38 inhibitors did not alter the T cell activation, because .90% of these cells expressed CD25 (Fig. 6E ) and total viable cell numbers (data not shown). In addition, these MAPK inhibitors did not affect the anti-CD3/ CD28-stimulated CD4 + cell proliferation (Fig. 6G) . Thus, Th17 suppression by JNK and p38 inhibitors is not due to global T cells suppression. In fact, others have previously reported that Smad4 is not essential for Th17 development, although it significantly contributes to TGF-b-primed Foxp3 + cell induction (25) . Moreover, injection of a p38 inhibitor significantly suppressed EAE development (Fig. 7A) and Th17 cell production in regional lymph nodes (Fig. 7B, 7C ). This helps to explain why injection of a p38 inhibitor can prevent the onset and progression of collagen-induced arthritis, another Th17 cell-mediated disease (41) . A schematic model for the role of TGF-b signaling pathways in iTreg and Th17 cell development has been suggested (Fig. 8) .
Discussion
A subset of CD4 + cells that express the IL-2 receptor a-chain (CD25) called Treg cells play a vital role in the maintenance of central and/or peripheral tolerance, the frequency alteration and/or dysfunction of these cells has been linked to many autoimmune diseases (42) (43) (44) . These cells are characterized by expression of a unique transcription factor known as Foxp3. Foxp3 is essential for the development and suppressive activity of Treg cells, and Foxp3 deficiency leads to multiorgan autoimmune disease, as found in scurfy mice and in human patients with immune dysregulation, polyendocrinopathy, enteropathy, and X-linked syndrome (45, 46) . There are two distinct subsets of Treg cells in peripheral lymphoid organs: nTregs cells that develop in the thymus after recognition of high-affinity self-Ag, and iTreg cells that develop from conventional T cells as a consequence of peripheral exposure to Ag and specific cytokines, such as TGF-b or IL-10 (47). Both Treg cell types compose the Treg cell network and may have a synergistic action or have different targets that maintain immune homeostasis, although they have possibly different developmental mechanisms (48) . For example, whereas TGF-b is not needed for the development of nTreg cells, this cytokine plays an important role in the development of iTreg cells (48, 49) . We now provide the evidence that TGF-b/TbR signaling is essential for Foxp3 + iTreg cell induction. Although we blocked ALK5 (TbRI) or knocked out TbRII, naive CD4 + cells stimulated with anti-CD3/CD28 Abs lost their responses to TGF-b to become Foxp3 + suppressor cells, indicating that both TbRI and TbRII are crucial in the TGF-b signaling pathway. Previous studies have demonstrated that both TbRI and TbRII work as an integrated complex to phosphorylate downstream specific SMAD2 and SMAD3 (11) . Using Foxp3 + iTreg or Th17 cell (below) induction, we further confirm that both TbRI and TFbRII signaling pathways are equivalently required for TGF-b response in CD4 + T cells. Given that iTreg cells share similar phenotypic and functional characteristics with nTreg cells, it is likely that the manipulation of iTreg cells can treat many autoimmune diseases. Therefore, it is important to understand the mechanisms by which iTreg cells are induced. The importance of TGF-b signaling pathways has been recognized in the induction of CD4 + iTreg cells; however, few studies have investigated the role of downstream molecules of the TGF-b signaling pathways in the development of iTreg cells. SMAD3 plays an important role in many effects of TGF-b on T cells. For example, SMAD3 is essential for the suppressive effect of TGF-b on IL-2 production and T cell proliferation (18) . In addition, SMAD3 is also required for the suppressive effects of TGF-b on Th2-type cytokine productions and Th2-type disease in the skin (19) . Tone et al. (22) recently identified a Foxp3 enhancer and observed that the transcription factors Smad3 and NFAT are required for activity of this Foxp3 enhancer, implicating that SMAD3 is possibly important for Foxp3 induction. Xiao et al. (23) also observed that atRA promotes iTreg cell differentiation by enhancing SMAD3 expression and phosphorylation. Jana et al. (24) also reported that lack of Smad3 gene significantly decreased TGFb-induced Foxp3 expression in vitro. However, the role of SMAD3 in Foxp3 + iTreg cell induction is partial, because a lack of Smad3 did not completely abolish the Foxp3 + cell induction, which is different from the blockade of TbRI and lack of TbRII.
We have systematically investigated the role of SMAD2 or SMAD3 in the TGF-b-induced Foxp3 + iTreg cell induction both in vitro and in vivo. Our findings revealed that either SMAD2 or SMAD3 plays a partial (∼20-30%) role in the differentiation of reported that TGF-b sufficiently induces Foxp3 + iTregs from naive CD4 + rather than memory CD4+ precursors (1, 2). Recently, Hill et al. (50) reported that cytokines produced by memory CD4 + cells interfered with Foxp3 expression induced by TGF-b. We also excluded the possibility that SMAD2 or SMAD3 mutually compensates each other, because we found that the combination of the deficiency of Smad2 and a specific inhibitor of SMAD3 (i.e., SIS3) did not significantly alter the Foxp3 expression and suppressive activity in vitro, further suggesting the partial but nonessential roles of SMAD2 and SMAD3 in Foxp3 + iTreg cell induction. It is known that atRA can increase Foxp3 expression and function by TGF-b-primed CD4 + cells, and activated SMAD3 could contribute to this promotion. However, using Smad3 KO mice, we observed that atRA significantly increased Foxp3 expression in TGF-b-primed CD4 + cells, although the levels and MIF of Foxp3 is slightly lower than in WT mice. These results further suggest that other SMAD3-independent TGF-b-downstream signaling pathways are involved in the differentiation and promotion of TGF-binduced Foxp3 + cells. Although a partial role for SMAD2 or SMAD3 in TGF-b-induced Foxp3 + iTreg cell development in vitro has been identified, it is less clear whether these SMAD molecules play any role in the Foxp3 + iTreg cell induction in vivo. Using the deacetylase inhibitor TsA, we confirmed previous reports demonstrating that TsA promotes Foxp3 + iTreg cells in vivo (34) . Interestingly, we also found that the TGF-b signaling pathway is crucial for this effect, because TsA no longer increased Foxp3 + iTreg cells in CD4 + cells lacking the TbRII. TsA also increased the percentages of cells expressing Foxp3 in either Smad2 CKO or Smad3 KO mice, suggesting that TsA enhances Foxp3 + iTreg cell induction in vivo through a SMAD2/3-independent TGF-b pathway. We are currently developing Smad2 and Smad3 double KO mice to exclude the possibility that SMAD2 or SMAD3 mutually compensates for one another in vivo. Thus, non-SMAD pathways might FIGURE 7 . Injection of p38 inhibitor markedly alleviates EAE and downregulates Th17 cell production. A, WT mice were immunized with MOG (100 mg per mouse), followed by the administration of pertussis toxin (150 ng per mouse; Sigma-Aldrich) on days 0 and 2. The p38 inhibitor (SB203580) was injected i.p. into WT mice 2 d after immunization with MOG peptide, and injection was repeated every other day for 7 d. Mice that received 2% DMSO solution only were used as controls. Disease severities were scored with a standard as described in Materials and Methods. The differences between two groups in time points indicated were statistically analyzed using GraphPad Prism 4 (GraphPad, La Jolla, CA. pp , 0.05; ppp , 0.01; pppp , 0.001. The figure shows one representative of two similar experiments (n = 5 mice per group). B, IL-17 production in CD4 + cells in draining lymph nodes, spleens, and blood in two groups of mice at day 18 after immunization with MOG . Values indicate mean 6 SEM of five mice in each group. The differences were analyzed by the Student t test; p , 0.05 was considered as significantly different. C, Representative cytometric data of IL-17 and IFN-g production by CD4
+ cells in lymph nodes from EAE mice (n = 5) treated with or without p38 inhibitor. play a more important role than do SMAD pathways in the development of TGF-b-iTreg cells.
Recent studies found that TGF-b enables CD4 + cells to become Th17 cells when combined with proinflammatory cytokines, such as IL-6 or IL-21 (3-6). IL-23 promotes the survival and population expansion of Th17 cells (3, 4) . Th17 cells play an important role in host defense; however, IL-17 produced by Th17 cells is also crucial for chronic inflammation in many disease models, such as EAE and colitis (51, 52) . Proinflammatory cytokines and related cytokine signaling molecules play a critical role in Th17 cell development. For example, IL-6, IL-21, and IL-23 each can activate STAT3 protein, and this activation is essential for the expression of transcription factor RORgt and thus Th17 cell induction (53, 54) . In addition to STAT3 activation, IFN regulatory factor 4 is also a decisive factor during the IL-21-mediated stage of Th17 cell development (53) .
Notably, the TGF-b signaling pathway is also essential for Th17 cell development, because deficiency of the TGF-b receptor results in the inhibition of Th17 cell differentiation (Fig. 3A) . As with Foxp3 + iTreg cell induction, blockading TbRI or knocking out TbRII almost completely prevented Th17 cell differentiation induced by a combination of IL-6 and TGF-b. Few studies have explored the roles of TGF-b downstream signaling pathways in the differentiation of these cells. Whereas Yang et al. (25) reported that SMAD4 is redundant for Th17 cell differentiation, we show neither SMAD2 nor SMAD3 is required for Th17 cell differentiation and Th17 cell-mediated disease. Combination of both Smad2 deficiency and SMAD3 inhibitor does not significantly alter Th17 cell differentiation, excluding the possibility that SMAD2 or SMAD3 can compensate each other for this cell lineage differentiation. Moreover, atRA equivalently suppresses Th17 cell differentiation induced by IL-6 and TGF-b between WTand Smad3 KO mice, further indicating a redundant role of SMAD3 in Th17 cell differentiation and implicating that other TGF-b downstream signaling pathways may be required for Th17 cell development. This finding helps to exclude the possibility that increased IFN-g suppresses Th17 cell differentiation owing to IFN-g-mediated SMAD suppression (54) .
MAPKs constitute mostly regulators for the non-SMAD pathway of TGF-b signaling (20) . In this study, we have shown that MAPKs predominately affect the Foxp3 + iTreg and Th17 cell differentiation, which is similar with Th1 cell differentiation but not Th2 cell differentiation (19, 21) . However, we have also identified the different requirements of MAPKs in the development of both iTreg and Th17 cell lineages. Although ERK activation is crucial for iTreg cell differentiation, its activation or deficiency does not affect Th17 cell differentiation. Conversely, JNK and a p-38 inhibitor markedly suppressed Th17 cell differentiation and Th17 cell-mediated EAE, but did not alter iTreg cell induction. Using cell activation and proliferation experiments, we show that these MAPK inhibitors specifically suppressed Foxp3 + iTreg or Th17 cell differentiation rather than nonspecific global T cell suppression. It is still unclear as to why JNK deficiency affects the development of both lineages. It is possible that JNK plays a similar role in both iTreg and Th17 cell differentiation depending on the cytokine milieu.
We summarize our finding in a paradigm shown in Fig. 8 . TGF-b signaling has a profound regulatory effect on lymphocyte differentiation and conversion, depending on the subset of lymphocytes and costimulated cytokines. Simultaneous stimulation in CD4 + cells by TGF-b and IL-2 activates both SMAD-independent and SMADdependent pathways to promote iTreg cell generation, whereas combined TGF-b and IL-6 signaling activates cell conversion from CD4 + and even nTreg cells to Th17 cells through SMAD-independent pathways. Foxp3 expression can suppress RORgt + cells from conversion to Th17 cells, but IL-6 signaling pathway molecules, such as STAT3 and SMAD7, also have a negative feedback on Foxp3 + induced regulation differentiation.
We therefore identify novel signaling pathways for the TGFb/TbR complex in the differential development of Foxp3 + iTreg and Th17 cells. The identification of these signaling pathways sheds light on the mechanisms by which SMAD and non-SMAD pathways differently induce specific cellular phenotypes. Knowledge of TGF-b signaling pathways that mediate specific cellular responses will allow for the development of therapeutics that can target specific TGF-b responses in autoimmune and inflammatory diseases.
